ABSTRACT
INTRODUCTION
The incessant increase of the size of wind turbines in the last few years, due to the power production capacity, has led to new challenges in control strategies of wind turbines. Over the last few years, modern control techniques used to replace the classical PI controllers have been numerous. Ikerlan-IK4 has been working on the application of robust control techniques, especially H ∞ (Díaz de Corcuera et al. 2011) , but H ∞ techniques often give controllers very conservatives in performance. A very interesting variation is to formulate the problem in terms of linear parameter varying system (LPV). This requires having a LPV model of the system.
The process used to adjust LPV models is described in (Salcedo and Martínez 2006) and it is used in other physical systems (Groot Wassink et al. 2003; Bodenheimer et al. 1995) . In (Bianchi et al. 2007 ), the wind turbine LPV model is created from a reduced analytical model. There are several documents about the design of LPV controllers for wind turbines (Ostergaard 2008; Bobanac et al. 2010; Muhando el al. 2011 ), but in all of them LPV models are obtained from analytical models, and the identification of analytical models from real wind turbines is not an easy work. Most wind turbine manufactures use specialized modelling and simulation packages (for instance GH Bladed) to certificate their designs. Parameter adjustment of an analytical model according to a detailed model in GH Bladed is a very difficult task. It is easier to obtain linear models, which are often used to design the wind turbine controllers, classic controllers or based on applying modern control techniques. The process of obtaining a LPV model from a family of linear models is the main topic of this paper. The family of LTI models is obtained from a linearization process in different operational points of the wind turbine model in GH Bladed. The procedure is valid for any family of LTI models obtained from other simulation package, as for instance, from FAST. Therefore, the objective is to obtain from the family of linear models a system (1), whose dynamics depend on a time varying parameter p, which is valid for all operational points bounded by the family of linear models.
(1)
As stated, this paper shows the procedure to build a MIMO LPV model from a family of LTI models. The procedure has been applied to a wind turbine model based on a 5 MW wind turbine defined in the Upwind European project. MIMO LPV model is based on SISO LPV models. SISO LPV models are systems which dynamics vary according to a parameter p. In these models this parameter is the wind speed or the pitch angle of the blades. This paper presents, initially, the reference wind turbine Upwind and the family of linear models extracted from GH Bladed. Then, a process to carry out a SISO LPV model is explained. The LPV models represented in LFT representation are discretized (Tóth et al. 2011) 
LPV MODEL OF WIND TURBINES FROM GH BLADED'S LINEAR MODELS

LINEAR MODELS FROM GH BLADED
Non linear model
The Upwind wind turbine defined in the Upwind European project was modelled in GH Bladed and it is the reference non-linear model used in this paper. The Upwind model consists of a 5 MW offshore wind turbine (Jonkman et al. 2009 ) with a monopile structure in the foundation. It has three blades and each blade has an individual pitch actuator. The rotor diameter is 126 m, the hub height is 90 m, gear box ratio of 97, the rated wind speed is 11.3 m/s, the cut-out wind speed is 25 m/s and the rated rotational speed is 12.1 rpm.
Family of linear models
The non-linear wind turbine model developed in GH Bladed is linearized in seven operational points according to the wind speeds in the above rated power production zone. The operational points in the above rated control zone (Bossanyi 2009) are defined in (t) are the sensorized measurements in the wind turbine and, in this paper, the considered outputs are the generator speed w g , the tower top fore-aft acceleration a Tfa and the tower top side-to-side acceleration a Tss . Due to the non-linear model complexity, and the number of modes taken into account, the order of the linear models is 55. All the structural modes appear in them, but the non-structural modes of the wind turbine (1P, 3P, 6P…) do not appear in the linear models, so their influence will not be considered in the developed wind turbine LPV models.
SISO LPV MODELLING
This section explains the process to obtain a SISO LPV model of a wind turbine. Initially, the MIMO LPV model is reduced to a SISO problem and a MIMO LPV model can be constructed combining different SISO LPV models (see next section). 
SISO modelling process
The selected family of linear plants is the plant Pitch2Wg, whose input is the pitch angle and the output is the generator speed. The process to develop the LPV wind turbine model is divided into seven steps:
Step 1. To extract the family of linear models of the Upwind wind turbine non-linear model from GH Bladed. Figure 1 shows these linear models in three operational points.
Step 2. To represent the seven linear models of the family in seven state space systems in the canonical representation (3). m is the position of the operational point from 1 to 7. m=1 for the operational point with wind speed of 13 m/s and m is 7 for 25 m/s. n is the order of the linear models, so in this family of linear models n=55.
Step 3. Step 4. To obtain the polynomial approximations of the component vectors to represent the family of linear model in a LPV representation (4) which varies according to a defined parameter p (wind speed). For example, p a1 (p) is the polynomial approximation of the vector a 1. This polynomial approximation could be done using different orders. Figure 2 shows the polynomial approximations using different orders of the vector a 1 (ord= [1, 2, 3, 4, 5] ).
Step 5. To transform the LPV model based on polynomials to the upper LFT (linear fractional transformation) representation (see Figure 3) . The LFT consists of a LPV system representation (5) with three input channels − is the derivated state vector, the input occurrence vector and the input vector− and three output channels − is the state vector, is the output occurrence vector and the output vector−. The ∆ matrix is an identity square matrix with nocc size which is multiplied by the parameter p. In this SISO LPV model, the is the pitch angle and is the generator speed. The size of the state vector and channels are defined by the order of the linear models, so for this LFT representation this channel size is 55. The size nocc of the occurrence vectors and varies according to the order of the polynomial approximation ord (6). For a fifth order polynomial approximation, the occurrence vector size is 30. The p parameter could be one of the changeable variables which define the operational points (see table I ). So, the p parameter could be the wind speed or the pitch angle. In the presented LPV model the p parameter is the wind speed, but it can be easily carried out using the pitch angle in the blades. Step 6. Finally, the LPV model represented in LFT can be discretized. The selected sample time is 0.01 s and different discretization methods are used to discretize this model. The discretization of LFT systems has some level of complexity and the most common methods are the rectangular and the trapezoidal methods, where the size of the occurrence channel is maintained. Other methods like methods of Pade and Henselman, where the size of the occurrence channel is bigger to obtain a better discretization, are not used in this paper. For the Pitch2Wg LPV model, the used discretization methods are the classical zoh, the rectangular and the trapezoidal ones, and a result comparison is carried out. Figure 4 shows the discretized Pitch2Wg LFT system in the nominal operational point (wind speed of 19 m/s). The best results are obtained with the zoh method used in the Matlab function c2d to convert continuous time systems in discrete time.
Validation of SISO LPV model
A LPV model quality analysis has to be done to guarantee the validity of this model. The value Q (7) determines the LPV model quality compared to the family of linear model extracted from GH Bladed. The value Q is obtained in the seven operational points. Figure 5 shows the Q values for Pitch2Wg LPV model comparing the quality for different polynomial approximations.
(7)
The values Qmax and Qmean are defined to show the quality for the LPV model in all operational points. Obviously, the best quality of the LPV model is obtained with small Qmean and Qmax values. Qmax is the maximum value of the Q values in all operational points (different values of the p parameter) and Qmean is the mean value of these Q values. For LPV model of the Pitch2Wg family of plants, Table III shows the quality values Qmax and Qmean for different polynomial approximation of the LPV model. The fifth order polynomial approximation gives the best quality for the Pitch2Wg LPV model.
MIMO LPV MODEL
Once the wind turbine Pitch2Wg SISO LPV model has been explained, the wind turbine MIMO LPV model is carried out in this section.
MIMO modelling process
The wind turbine MIMO model consists of different SISO models. The selected wind turbine LPV model has three inputs −wind w(t), pitch angle β(t) and generator torque T(t)− and three outputs −generator speed w g (t), tower top fore-aft acceleration a Tfa (s) and top side-toside acceleration a Tss (s)−. This LPV model MIMOLPV (8) is formed by nine SISO LPV models defined in a 3x3 representation in the MIMO model. The nine SISO LPV models are generated using the process defined in last section to create the final MIMOLPV matrix. Pitch2W g LPV, Pitch2a Tfa LPV and Pitch2a Tss LPV are the SISO LPV models which relate the input of collective pitch angle in the blades with the outputs generator speed, tower top fore-aft acceleration and tower top side-to-side acceleration respectively. Torque2W g LPV, Torque2a Tfa LPV and Torque2a Tss LPV are the SISO LPV models which relate the input of generator torque with the outputs of generator speed, tower top fore-aft acceleration and tower top side-toside acceleration respectively.
Validation of MIMO LPV model
Finally, a global quality analysis is done to show the MIMO LPV model approximation to the real family of plants extracted in GH Bladed. (8) for different polynomial of the LPV model. After analyzing the results, the best results for six SISO LPV models (Wind2Wg, Wind2AccTfa, Wind2AccTss, Pitch2Wg, Pitch2AccTss and Torque2Wg) are obtained using the biggest order of the polynomial approximation of order five. However, three SISO LPV models (Pitch2AccTfa, Torque2AccTfa, Torque2AccTss) have the best quality values using a third order polynomial approximation. So, the MIMOLPV system has six SISO LPV models of fifth order polynomial approximation, and three SISO LPV models of third order polynomial approximation. The size of the occurrence channel of the MIMOLPV is MIMOnocc (9).
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The MIMO LPV model (see Figure 6 ) has been developed in Matlab/Simulink. Finally, to validate the LPV model in time domain, three simulations made in three operational points not explicitly defined by the linear models used to build the LPV models, are presented here. In these simulations, the response of the family of LTI plants is compared to the response of the MIMO LPV model. Figure 7 shows the inputs of these simulations to representing the response of the systems 
CONCLUSIONS
Some conclusions are extracted from the work carried out and presented in this paper:
• In spite of the complexity of the wind turbine nonlinear model, a wind turbine MIMO LPV model can be carried out using the method described in this paper. The number of calculations is very high, but it can be developed with mathematical software packages like Matlab/Simulink. The linear models extracted from GH Bladed are very reliable and they are commonly used by wind turbine manufacturer companies to design real wind turbines models.
• The MIMO LPV model is validated not only in frequency domain using the values Qmax and Qmean, but it is also validated in time domain due to the implementation of the LPV model represented in LFT representation in Simulink.
• The increasing of the polynomial approximation order makes the LPV model more complex. This complexity involves a bigger size of the occurrence channel and a bigger computational cost in the system. Generally, a high order of the polynomial approximations guarantees a better quality for the LPV model, but this is not absolutely true as it has been probed in this paper. For each system, the best quality of the LPV model could be obtained with a particular order of the polynomial approximation.
• Using LPV models, the uncertainties of the wind turbine are modelled. So, this uncertainly model can be taken into account to design LPV controllers which improve the closed loop performance of using LTI controllers. 
